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PREFACE 


This  program  was  authorized  under  Contract  DAAK  70-80-C-0129.  The 
purpose  of  the  program  was  to  establish  the  present  WR34  engine 
compressor  rig  test  performance  as  the  first  step  towards  both 
understanding  its  performance  in  the  engine  and  to  identifying 
areas  in  which  engine  component  performance  improvements  can  be 
made.  The  applicable  DA  Project  is  for  future  ground  power  units. 
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bling,  and  operating  the  test  rig. 

D.  Dorer  and  B.  Everett,  for  engine  cycle  analysis. 
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SUMMARY 


This  test  was  conducted  to  establish  the  performance  level  of  the 
present  Williams  Research  Corporation  WR34  engine  single-stage 
centrifugal  compressor.  Specific  objectives  were  to: 

•  Define  the  compressor  performance  map  from  40  through  115 
percent  of  the  design  corrected  speed 

•  Determine  the  performance  of  each  of  the  compressor 
components  so  that  potential  improvements  could  be 
identified 

•  Ascertain  if  the  compressor  would  enable  the  engine  to 
satisfy  a  requirement  of  27.7  horsepower  at  an  inlet 
temperature  of  107° F  at  an  altitude  of  5000  feet. 

Compressor  rig  testing  demonstrated  a  compressor  design  point  stage 
performance  of  74  percent  efficiency  and  4.25:1  pressure  ratio  at 
0.538  lbm/sec  corrected  airflow.  Test  data  indicated  that  the 
relatively  thick  impeller  blades,  which  were  designed  with  a  state- 
of-the-art  castable  thickness  distribution,  result  in  higher  than 
anticipated  levels  of  impeller  loss  and  restrict  flow  range.  Cycle 
analysis  using  the  tested  compressor  performance  showed  that  the 
WR34  engine  can  meet  the  goal  of  27.7  horsepower  on  a  107° F  day  at 
an  altitude  of  5000  feet. 
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SECTION  1 
INTRODUCTION 


This  report  summarizes  the  rig  testing  of  the  single  stage  centri¬ 
fugal  compressor  that  is  incorporated  in  the  Williams  Research 
Corporation  WR34  Engine.  The  primary  purpose  of  the  compressor 
rig  test  was  to  define  the  performance  of  the  new  Williams  designed 
backswept  centrifugal  compressor;  this  design  being  an  improvement 
over  the  current  WR34  engine  radial  compressor.  This  establishes 
a  baseline  from  which  compressor  performance  improvements  can  be 
identified  and  engine  cycle  analysis  can  be  conducted.  The  test 
rig  utilized  engine  compressor  hardware  which  was  representative 
of  production  quality  to  ensure  that  an  accurate  assessment  of 
engine  compressor  performance  was  made . 

The  compressor  rig  test  program  was  conducted  in  the  existing 
small  compressor  test  cell  at  WRC.  Thorough  instrumentation  was 
used  to  gather  data  required  to  establish  overall  compressor 
performance  and  identify  the  performance  of  each  of  the  compressor 
components . 

The  compressor  performance  data  was  used  in  the  WR34  engine 
simulation  computer  model .  This  was  done  to  ascertain  whether 
the  engine  could  satisfy  a  contractural  requirement  of  27.7 
horsepower  on  a  107°F  day  at  an  altitude  of  5000  feet. 
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SECTION  2 
INVESTIGATION 


The  primary  program  objective  was  to  conduct  a  compressor  rig  test 
to  establish  the  baseline  performance  of  the  present  WR34  engine 
single-stage  centrifugal  compressor.  In  addition,  it  was  required 
that  the  WR34  engine  cycle  be  evaluated  using  the  compressor  rig 
test  data.  The  program  consisted  of  investigating  the  areas  discus¬ 
sed  in  Sections  2.1  through  2.4. 

2.1  COMPRESSOR  DESIGN 

The  design  of  the  WR34  single-stage  centrifugal  compressor  was  done 
by  WRC  prior  to  the  inception  of  this  contract.  The  compressor  was 
designed  to  be  a  minimal  risk  configuration  both  structurally  and 
aerodynamically .  The  conservative  design  approach  was  taken  due  to 
a  necessity  to  minimize  development  effort.  The  compressor  design 
was  oriented  toward  low-cost  producibility ,  reliability,  and  rugged¬ 
ness  as  well  as  towards  good  performance.  This  was  in  keeping  with 
the  applications  envisioned  for  the  WR34  engine.  Figure  1  presents 
a  cross-section  of  the  WR34  engine. 

The  impeller  was  designed  to  be  accurately  cast  consistently  using 
proven  state-of-the-art  casting  techniques.  This  resulted  in 
relatively  thick  impeller  blades  which  enhance  its  ruggedness.  The 
impeller  is  shown  in  Figure  2 . 

The  rugged,  low-cost  theme  is  also  present  in  the  radial  diffuser. 
The  vane  design  is  similar  to  ones  that  have  proven  to  be  easily 
machined  and  relatively  insensitive  to  leading  edge  erosion  damage 
and  its  effect  on  engine  performance.  The  diffuser  was  designed  to 
accept  bolts  through  the  vanes  that  are  used  for  engine  assembly. 
The  diffuser  is  portrayed  in  Figure  3. 

In  addition  to  the  structural  conservatism,  the  aerodynamic  design 
also  reflected  a  low  risk  approach.  Impeller  splitter  blades  were 
not  considered.  Only  proven  aerodynamic  design  parameters  were 
incorporated  in  the  design  of  the  inle^,  impeller,  and  radial 
vane-island  diffuser.  Aerodynamic  and  geometric  parameters  of  note 
are  presented  in  Table  I. 

2.2  COMPRESSOR  TEST  RIG  DESIGN 

This  task  resulted  in  the  test  rig  design  shown  in  Figure  4.  The 
test  rig  utilized  the  main  housing,  impeller,  and  diffuser  from  the 
WR34  engine  to  form  the  bulk  of  the  compressor  flowpath.  Figure  5 
portrays  the  compressor  flowpath  hardware  from  the  engine.  The 
WR34  engine  thrust  bearing  and  a  shaft  modified  to  mate  with  an 
existing  high-speed  gearbox  were  the  other  engine  components  incor- 
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TABLE  I.  WR34  COMPRESSOR  DESIGN  PARAMETERS 


Stage  Pressure  Ratio  (inlet  total  to 
stage  exit  total) 

3.862-4.25 

Stage  Pressure  Ratio  (inlet  total  to 
stage  exit  static) 

3.757-4.15 

Stage  Efficiency  ( total-to-total ) 

0.749-0.740 

Stage  Efficiency  ( total-to-static) 

0.730-0.721 

Stage  Temperature  Rise  (AT/T) 

0.625 

Corrected  Flow  (lbm/sec) 

0.538 

Corrected  Speed  (rpm) 

99,050 

Number  of  Impeller  Blades 

14 

Inducer  Hub  Radius  (inches) 

0.479 

Inducer  Edge  of  Blade  Radius  (inches) 

1.056 

Inducer  Hub  Normal  Thickness  (inches) 

0.051 

Inducer  Edge  of  Blade  Normal  Thickness  (inches) 

0.020 

Impeller  Exit  Radius  (inches) 

1.921 

Impeller  Exit  Blade  Width  (inches) 

0.147 

Impeller  Exit  Hub  Normal  Thickness  (inches) 

0.081 

Impeller  Exit  Shroud  Normal  Thickness  (inches) 

0.020 

Impeller  Exit  Angle  (degrees) 

37.97 

Impeller  Rake  Angle  (degrees) 

30.0 

Number  of  Diffuser  Vanes 

19 

Vaned  Diffuser  Leading  Edge  Radius  (inches) 

2.017 

Vaned  Diffuser  Leading  Edge  Thickness  (inches) 

0.015 

Vaned  Diffuser  Passage  Height  (inches) 

0.150 

Vaned  Diffuser  Trailing  Edge  Radius  (inches) 

3.510 

Vaned  Diffuser  Trailing  Edge  Thickness  (inches) 

0.378 

Compressor  Exit  Outei  Radius  (inches) 

3.721 

Compressor  Exit  Inner  Radius  (inches) 

3.571 

11 
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porated  into  the  test  rig.  This  enables  the  test  rig  to  readily 
accept  and  test  engine  compressor  hardware  if  engine  diagnostic 
testing  is  required. 

An  impeller  thrust  analysis  utilizing  the  WRC  centrifugal  compres¬ 
sor  thrust  analysis  computer  program,  which  has  been  correlated 
against  available  data  including  the  WRC  F107  cruise  missile 
turbofan  engine,  was  used  to  calculate  thrust  bearing  loads.  The 
thrust  bearing  was  judged  to  be  satisfactory  for  the  projected 
compressor  test  duty  cycle. 

Stress  and  vibration  analysis  of  both  the  impeller  and  diffuser, 
which  were  conducted  during  the  design  of  the  compressor,  and 
thus  prior  to  this  contract,  indicated  compressor  test  rig  opera¬ 
tion  would  be  satisfactory  at  all  desired  speeds.  As  the  analyses 
were  run  to  satisfy  more  rigorous  conditions  than  would  occur 
durji.j  thv  compressor  rig  test,  the  compressor  operation  in  the 
rig  was  considered  safe. 

2.3  TEST  RIG  FABRICATION  AND  ASSEMBLY 


2.3.1  Test  Rig  Fabrication 

The  test  rig  was  fabricated  in  accordance  with  test  rig  drawings. 

2.3.2  Impeller  Fabrication 


The  impeller,  though  designed  to  be  cast,  was  fabricated  using 
WRC's  in-house  impeller  machining  facility  to  shorten  the  hardware 
schedule.  The  impeller  was  machined  out  of  15-5  Ph  stainless 
steel .  The  blades  were  cut  on  a  pantograph  machine  with  the 
other  finish  machine  work  done  in  the  experimental  machine  shop. 


Careful  finished  machining  of  the  impeller  produced  a  nearly 
nominal  part.  This  was  verified  by  thorough  inspection  of  the 
impeller  blades  on  a  ten  to  one  optical  comparator.  The  worst 
blade  discrepancy  found  was  0.001  inches  on  the  suction  surface 
of  the  blades  in  the  region  of  the  impeller  transition  from  axial 
to  radial. 


2.3.3  Impeller  Stationery  Shroud  Fabrication 


A  WR34  engine  main  housing  casting  was  machined  to  form  the 
shroud  side  inlet  contour  into  the  impeller,  the  impeller  station¬ 
ary  shroud,  the  sealing  wall  for  the  vaned  diffuser,  and  the 
outer  wall  of  the  bend  downstream  of  the  diffuser  vanes.  The 
machining  utilized  existing  WR34  engine  detail  drawings  and 
tooling.  All  machining  was  done  at  Williams  Research.  An  inspec¬ 
tion  of  the  contours  on  a  ten  to  one  optical  comparator  showed 
the  worst  discrepancy  to  be  0.002  inches  which  occurred  in  the 
inlet. 
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2.3.4  Vaned  Diffuser  Fabrication 

The  vane-island  diffuser  vanes  were  cut  out  of  17-4  PH  stainless 
steel  using  WRC's  pantograph  machining  facility.  All  other  machin¬ 
ing  was  done  in  the  corporation’s  experimental  shop.  No  noticeable 
discrepancies  between  the  vanes  and  the  nominal  ten  times  size  vane 
template  were  observed  during  inspection. 

2.3.5  Test  Rig  Static  Pressure  Tap  Machining 

All  static  pressure  taps  used  in  the  compressor  testing  were  located 
analytically  by  WRC's  compressor  personnel.  They  were  subsequently 
accurately  milled  into  the  WR34  engine  main  housing.  This  insured 
accurate  location  of  all  static  pressures. 

2.3.6  Test  Rig  Pressure  and  Temperature  Rake  Fabrication 

All  pressure  and  temperature  rakes  incorporated  into  the  test  rig 
were  designed  and  built  by  WRC.  Sketches  of  the  inlet  total  pres¬ 
sure  and  temperature  rakes  are  shown  in  Figures  6  and  7  respec¬ 
tively.  Exit  total  pressure  and  temperature  rake  sketches  are 
shown  in  Figures  8  and  9  respectively. 

2.3.7  Test  Rig  Assembly 

Instrumentation  was  first  installed  in  the  individual  test  rig 
parts.  The  test  rig  was  then  assembled  according  to  the  build 
instructions.  The  impeller  and  shaft  were  dynamically  balanced. 
All  critical  build  dimensions  were  recorded.  The  test  rig,  after 
assembly,  was  installed  in  the  test  cell. 

2.4  COMPRESSOR  TESTING 

2.4.1  Compressor  Test  Cell  Description 

The  test  was  run  in  the  existing  WRC  centrifugal  compressor  test 
cell.  A  sketch  of  the  test  set-up  is  shown  in  Figure  10.  Ambient 
air  is  drawn  through  a  roof  top  mounted  air  filter  into  a  plenum 
directly  below.  The  air  then  enters  an  ASME  bellmouth  where  inlet 
total  temperature  and  pressure  and  static  pressure  at  the  nozzle 
throat  are  measured.  The  flow  then  passes  through  an  uninsulated 
9-inch  diameter  cylindrical  duct  followed  by  a  right-angle  bend  of 
circular  cross  section.  Air  exits  from  the  bend  through  a  short 
section  of  8-inch  diameter  duct  to  the  inlet  plenum.  Total  pressure 
and  temperature  are  measured  at  this  location.  The  air  then  enters 
the  test  section,  is  compressed,  and  enters  a  large  insulated 
discharge  plenum,  where  total  temperature  and  pressure  and  static 
pressure  are  measured.  The  air  leaves  the  discharge  plenum  through 
two  insulated  opposed  discharge  plenum  headers.  The  flow  then 
merges  into  one  larger  duct  which  guides  it  to  the  discharge  throt¬ 
tling  valves.  There  are  two  electrically  operated  throttling 
valves--a  main  valve  and  a  vernier  valve.  The  vernier  valve  permits 
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I.  TOTAL  PRESSURE  AT  STAGE  INLET 
(3  RAKES  REQUIRED) 


NOTES: 

©  ALL  TUBING  PREFERABLY  0.040  INCH  O.D.  BUT  MAKE  NO  BIGGER 
THAN  0.062  INCH  0.0. 

©  MAKE  THE  TUBE  LENGTH  4  FEET  OR  MORE. 

©  RAKE  IMMERSION  DEPTH  DOWN  TO  MOUNTING  PAD  SHOULD  BE  SUCH  THAT 
RAKES  ARE  EQUALLY  SPACEO  ACROSS  THE  PASSAGE  WITH  RAKES  SEPARATED 
BY  120  DEGREES  FROM  EACH  OTHER.  RAKES  SHOULD  BE  MOUNTED  ON 
GEARBOX  HOUSING  USING  EXISTING  SCREWS. 


A-18462 


Figure  6.  Sketch  of  Inlet  Total  Pressure  Rake 
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II.  TOTAL  TEMPERATURE  AT  STAGE  INLET 
(3  RAKES  REQUIRED) 


I  -H  N—  0.300  IN. 
0.300  IN.—*]  | 


NOTES: 

(7)  ALL  TUBING  SHOULD  BE  0.062  INCH  O.D.  USING  CHROMEL/ALUMEL 
THERMOCOUPLE  MATERIAL  IN  AN  ASPIRATED  CONFIGURATION. 

©  MAKE  THE  TUBE  LENGTH  4  FEET  OR  MORE. 

(3)  RAKE  IMMERSION  DEPTH  DOWN  TO  MOUNTING  PAD  SHOULD  BE 
SUCH  THAT  RAKES  ARE  EQUALLY  SPACED  ACROSS  THE  PASSAGE 
WITH  RAKES  SEPARATED  BY  120  DEGREES  FROM  EACH  OTHER. 

RAKES  SHOULD  BE  MOUNTED  ON  GEARBOX  HOUSING  USING 
EXISTING  SCREWS. 

A-18463 


Figure  7.  Sketch  at  Inlet  Temperature  Rake 
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III.  TOTAL  PRESSURE  AT  STAGE  EXIT 
(4  RAKES  REQUIRED) 


T 


NOTES: 

©  ALL  TUBING  PREFERABLY  0.040  INCH  0.0.  BUT  MAKE  NO  BIGGER 
THAN  0.062  INCH  0.0. 

©  MAKE  THE  TUBING  LENGTH  4  FEET  OR  MORE. 

©  RAKE  IMMERSION  RADIUS  OF  3.647  INCHES  IS  FROM  THE  TEST  RIG 
CENTERLINE  TO  ELEMENT  CENTERLINE.  THE  RADIUS  TOLERANCE 
IS  ±  0.005  INCH.  NOTE  THAT  THE  RAKE  HAS  TO  BE  SET  AT  50.557 
DEGREES  FROM  THE  RIG  CENTERLINE  TO  MATCH  THE  PREDICTED 
FLOW  ANGLE. 

A-18464 


Figure  8.  Sketch  of  Exit  Total  Pressure  Rake 
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IV.  TOTAL  TEMPERATURE  AT  STAGE  EXIT 
(5  RAKES  REQUIRED) 


0.250  IN.  -^| 

~r 

( 

D 

0.250  IN. 


© 


i 


r 


NOTES: 

(?)  ALL  TUBING  SHOULD  BE  0.062  INCH  O.D.  USING  CHROMEL/ALUMEL 
THERMOCOUPLE  MATERIAL  IN  AN  ASPIRATED  CONFIGURATION. 

@  MAKE  THE  TUBE  LENGTH  4  FEET  OR  MORE. 

(J)  RAKE  IMMERSION  RADIUS  OF  3.647  INCHES  IS  FROM  THE  TEST  RIG 
CENTERLINETO  ELEMENT  CENTERLINE.  THE  RADIUS  TOLERANCE 
IS  ±  0.005  INCH.  NOTE  THAT  THE  RAKE  HAS  TO  BE  SET  AT  50.557 
OEGREES  FROM  THE  RIG  CENTERLINE  TO  MATCH  THE  PREDICTED 
FLOW  ANGLE. 

A-18465 


Figure  9.  Sketch  of  Exit  Temperature  Rake 
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the  fine  adjustments  necessary  when  operating  near  the  compressor 
surge  line.  From  this  point,  the  flow  discharges  to  the  atmosphere. 

Compressor  drive  power  is  provided  by  two  coupled  413  cubic  inch 
Chrysler  industrial  engines  developing  a  total  of  340  horsepower 
working  through  hydraulic  clutches  and  a  speed-increasing  gearbox. 
A  pressurized  labyrinth  seal  in  the  gearbox  prevents  lubricating 
oil  from  entering  the  test  section. 

2.4.2  Compressor  Test  Equipment 

The  equipment  used  in  the  compressor  rig  test  is  presented  in  Table 
II. 

2.4.3  Test  Data  Parameters  Recorded 

The  compressor  was  instrumented  to  obtain  an  overall  performance 
map.  In  addition,  sufficient  instrumentation  was  installed  to 
identify  the  impeller  and  vaned  diffuser  performance  characteris¬ 
tics.  Compressor  performance  instrumentation  that  was  installed  in 
the  test  rig  is  presented  in  Table  III  and  portrayed  in  Figure  11. 
Bearing  temperatures,  compressor  rotational  speed,  and  other  mechan¬ 
ical  data,  along  with  the  ASME  bellmouth  temperature  and  pressure 
data,  were  recorded  manually.  All  other  performance  parameters 
were  recorded  on  the  digital  automatic  data  acquisition  system 
(ADAS) . 

The  ADAS  system  assigns  each  parameter  a  unique  channel  number  and 
the  data  is  recorded  using  that  identification.  The  channel  number 
assignments  are  recognized  by  the  WRC  centrifugal  compressor  data 
reduction  nrogram,  which  then  converts  this  data  into  a  usable 
form.  A  r  ;al  time  display  of  selected  pressure  and  temperature 
data  was  used  during  the  testing  which  enabled  the  analyst  to 
quickly  check  compressor  performance. 

2.4.4  Test  Procedure 

After  the  test  rig  was  partially  instrumented,  assembled,  and 
installed  in  the  test  cell,  a  mechanical  check  of  the  test  rig  was 
made  (Build  1).  Speeds  run  were  at  40,  50,  60,  70,  80,  90  and  100 
percent  of  design  corrected  speed  (99,050).  Initially,  Regal  20W 
oil  was  used  in  the  gearbox  lubrication  system.  Considerable  oil 
foaming  occurred  preventing  proper  oil  scavenging,  resulting  in  a 
rapid  increase  in  bearing  temperatures  and  vibrations.  The  Regal 
20W  oil  was  drained  and  replaced  with  Texamatic  A  oil.  Also, 
another  oil  scavenge  pump  was  connected  into  the  lubrication  system. 
Proper  oil  circulation  throughout  the  gearbox  and  compressor  test 
rig  resulted.  However,  a  large  amount  of  oil  was  lost  through  the 
discharge  plenum  chamber  and  also  collected  around  the  inlet  to  the 
compressor  rotor  inside  the  inlet  plenum  chamber.  Heat  transfer 
from  the  gearbox  and  discharge  plenum  chamber  to  the  compressor 
main  housing  was  rather  high.  After  approximately  100  minutes 


20 


Williams  Research  Corporation 


WRC0129-TR-81-1 


TABLE  II.  MERADCOM  WR34  CENTRIFUGAL  COMPRESSOR  RIG  TEST 
EQUIPMENT  REQUIRED 

Inlet  ASME  Bellmouth 

•  4-inch  diameter 

Plumbing  Between  the  Inlet  Bellmouth  and  Inlet 
Plenum 

Inlet  Plenum 

Centrifugal  Compressor  Test  Rig  Assembly 

•  Main  Housing 

•  Steel  38°  backward  curved  impeller 

•  Aluminum  impeller  stationary  shroud 

•  Steel  vane  island  diffuser 
Discharge  Plenum 

Discharge  Plumbing  and  Valving 
Compressor  Drive  System 

•  Two  Chrysler  413  cubic  inch  engines 

•  Speed-increasing  gearbox 
Test  Rig  Vibration  Meter 

Howell  Automatic  Data  Acquisition  System  (ADAS) 

•  Digital  data  acquisition 

•  100  pressures  available  on  four  scanivalves 

•  50  temperatures  available 
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TABLE  III.  MERADCOM  WR34  CENTRIFUGAL  COMPRESSOR  RIG  TEST 
SUMMARY  OF  INSTRUMENTATION 


INSTRUMENTATION  LOCATION/TYPE 

QUANTITY 

ASME  BELLMOUTH 

Delta  Pressure 

1 

Total  Temperature 

3 

INLET  PLENUM 

Total  Pressure 

4 

Total  Temperature 

4 

COMPRESSOR  INLET 

Total  Pressure  Rakes,  3-element 

3 

Total  Temperature  Rakes,  3-element 

3 

Static  Pressure,  Shroud 

4 

IMPELLER  STATIONARY  SHROUD 

Static  Pressure 

12 

Static  Pressure,  Impeller  Exit 

6 

VANED  DIFFUSER 
-  — - - -  ■  — 

Static  Pressure 

18 

COMPRESSOR  EXIT 

Total  Pressure  Rakes,  3-element 

4 

Total  Temperature  Rakes,  3-element 

5 

DISCHARGE  PLENUM 

Static  Pressure 

3 

RADIAL  COORDINATE 
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6.40 


6.40 
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3.40 


2.40 


1.40 


WR34  UPRATED  CENTRIFUGAL  COMPRESSOR  DESIGN 
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Figure  11. 


Meradcom  WR34  Centrifugal  Compressor  Instrumentation 
Locations 
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running  time,  the  front  rig  bearing  temperature  and  vibration 
increased  rapidly.  Immediate  shutdown  of  the  compressor  test  rig 
was  necessary. 

No  damage  was  done  to  the  compressor  test  rig.  The  front  ball 
bearing  separater  had  fractured,  causing  the  bearing  failure. 
Compressor  rotor  front  face  clearance  was  determined  by  measuring 
the  rub  tabs  installed  on  the  impeller  stationery  shroud  which 
equalled  0.011  to  0.013  inches. 

Prior  to  Build  2,  several  alterations  were  made  to  the  test  rig. 
Provisions  were  made  on  the  oil  seals  including  a  collar  separating 
the  diffuser  from  the  rear  rig  bearing  to  prevent  the  oil  leakage. 
The  improved  oil  seals  and  a  supply  of  4  to  6  psi  guard  air  pressure 
to  the  collar  were  adequate  to  prevent  the  oil  leakage.  Also,  a 
heat  shield  was  placed  on  the  discharge  plenum  chamber  to  prevent 
heat  transfer  to  the  compressor  main  housing. 

All  instrumentation  was  completed  for  the  performance  run  (Build 
2)  and  installed  at  the  compressor  inlet,  compressor  shroud,  and 
diffuser  exit.  Also,  0.006  inches  was  removed  from  the  shim  on 
the  compressor  rotor  stack-up  assembly  to  obtain  the  required 
0.005  to  0.007  inch  front  face  running  clearance.  A  new  front  rig 
ball  bearing  was  included  on  assembly.  The  compressor  test  rig 
was  assembled.  Build  2,  and  installed  in  Cell  A-l.  Figures  12  and 
13  show  the  test  rig  installed  in  the  test  cell. 

On  December  19,  1980  the  compressor  test  rig  was  run  at  40,  60  and 
80  percent  of  design  corrected  speed  (99,050  rpm).  Wide  open, 
choke,  surge,  and  three  points  between  wide  open  and  surge  were 
recorded.  Operation  of  the  compressor  test  rig  was  good  with  no 
apparent  oil  leakage  or  mechanical  problems. 

On  December  20,  1980  the  compressor  test  rig  was  run  beginning  at 
50  percent  of  design  corrected  speed  (99,050  rpm).  Data  points  at 
wide  open,  choke,  surge,  and  three  points  in  between  wide  open  ana 
surge  were  recorded.  Guard  air  pressure  was  maintained  at  4  to  6 
psi  to  prevent  any  major  oil  leakage.  Operation  of  the  compressor 
test  rig  continued  successfully.  The  compressor  test  rig  was  then 
accelerated  to  speeds  of  60,  70,  80,  90,  95  and  100  percent  of 
design  corrected  speed  (99,050  rpm).  Data  for  wide  open,  choke, 
surge,  and  three  points  in  between  wide  open  and  surge  were  obtained 
at  all  speed  lines. 

As  the  compressor  test  rig  was  accelerated  to  105,000  rpm  (105 
percent  corrected  speed),  mechanical  problems  began  with  the  front 
rig  ball  bearing.  Data  at  wide  open  and  choke  were  recorded. 

Vibrations  began  to  increase,  with  an  unusual  rumbling  noise 
coming  from  the  compressor  rig.  Therefore,  the  compressor  test 
rig  was  immediately  shut  down. 
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Photograph  of  Test  Cell  with  Test  Rig  Installed 


Photograph  of  Tost  Hiq  Installed 
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Vibration  pick  up  #3  had  come  loose  from  the  gearbox  and  was  re¬ 
mounted.  The  compressor  test  rig  rotated  freely  and  was  allowed  to 
cool  for  15  minutes,  then  restarted.  All  vibrations  were  checked 
at  various  speed  lines  as  the  compressor  rig  was  accelerated  to 
105,000  rpm  (105  percent  corrected  speed). 

Data  points  at  wide  open  and  choke  were  recorded.  As  surge  was 
attempted  the  vibrations  increased  along  with  a  rapid  increase  in 
the  front  rig  bearing  temperature.  Also,  a  loud  whine  was  audible. 
Again,  the  compressor  rig  was  immediately  shut  down.  The  run  down 
appeared  normal  with  no  unusual  sounds  or  physical  problems. 

On  disassembly  of  the  compressor  test  rig,  it  was  found  that  the 
compressor  rotor  had  slightly  rubbed  the  main  housing  front  face. 
One  of  the  three  rub  tabs  were  lost.  Through  measuring  the  other 
two  rub  tabs,  the  final  front  face  clearance  was  equal  to  0.005  -» 
0.006  inches  (design  intent). 

Examining  the  front  rig  ball  bearing  indicated  that  the  steel  ball 
separater  had  fractured,  almost  leading  to  a  complete  bearing 
failure.  Other  compressor  rig  hardware  including  instrumentation 
was  not  damaged. 

The  original  intent  was  to  collect  data  at  105,  110,  and  115  percent 
of  design  corrected  speed  in  addition  to  the  data  that  was  collect¬ 
ed.  However,  due  to  funding  limitations,  the  mechanical  problem  on 
Build  2  terminated  the  testing. 
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SECTION  3 

DISCUSSION  OF  TEST  RESULTS 


3.1  COMPRESSOR  TEST  RESULTS  AND  DISCUSSION 

The  raw  data  was  reduced  using  the  WRC  centrifugal  compressor  data 
reduction  computer  program.  Appendix  A  contains  the  test  log 
pages,  manually  recorded  data  sheets,  data  reduction  program  output 
at  the  design  point,  and  a  summary  sheet  from  the  data  reduction 
program  presenting  compressor  parameters  of  note  for  all  significant 
data  gathered  during  rig  testing. 

The  overall  stage  performance,  consisting  of  total  pressure  ratio, 
total-to-total  efficiency,  and  temperature  rise,  is  shown  in  Figures 
14,  15  and  16  respectively.  The  design  point  goals  are  shown  on 
each  plot  as  a  point  of  reference.  Stage  performance  was  calculated 
based  on  total  temperature  and  pressure  at  the  inlet  and  total 
temperature  and  pressure  at  the  bend  exit  prior  to  dumping  into  the 
discharge  plenum.  As  the  inlet  measuring  station  was  upstream  of 
the  start  of  the  radial  inflow  inlet,  all  inlet  loss  is  charged  to 
the  compressor.  In  the  same  vein,  the  stage  exit  measuring  station 
accounted  for  all  losses  in  the  compressor  including  those  in  the 
exit  bend.  All  efficiencies  were  calculated  using  enthalpy  tables 
which  ensured  that  an  accurate  assessment  of  compressor  performance 
was  made . 

Table  IV  presents  a  comparison  of  selected  compressor  parameters  at 
the  design  point  between  the  projected  values  and  the  test  data . 
As  is  shown  in  Table  IV,  impeller  axial  and  radial  clearances  at 
the  design  point  for  the  test  data  were  in  agreement  with  the 
design  intent.  Therefore,  clearance  was  not  a  factor  in  the  differ¬ 
ences  between  projected  and  tested  parameter  values. 

As  is  readily  observable  from  Table  IV,  the  compressor  pressure 
ratio  and  temperature  rise  are  noticeably  different  than  the  design 
intent.  Compressor  temperature  rise  is  10  percent  higher  than  the 
design  intent.  Compressor  pressure  ratio  (total-to-total)  is  9.6 
percent  above  the  design  intent.  The  net  result  of  this  unexpect¬ 
edly  high  energy  addition  is  a  0.9  point  lower  efficiency  than 
projected.  The  reason(s)  for  the  larger  than  expected  energy 
addition  are  unclear  from  the  data  gathered  to  date.  Basically,  two 
temperature  anomalies  were  observed  when  the  data  was  reduced. 

The  primary  anomaly,  the  10  percent  high  temperature  rise,  is  not 
explainable  at  this  time.  Figure  17  presents  the  impeller  slip 
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Total-to-Total  Efficiency  versus  Corrected  Airflow 
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TABLE  IV.  MERADCOM  WR34  COMPRESSOR  DESIGN  POINT  COMPARISON 
OF  PREDICTED  VERSUS  RIG  TEST  DATA 


PROGRAM  GOAL 

DATA 

Corrected  Airflow  (lbm/sec) 

0.538 

0.538 

Corrected  Speed  (rpm) 

99,050 

98,999 

Pressure  Ratio  (inlet  total  to 
stage  exit  total ) 

3.862 

4.252 

Efficiency  (inlet  total  to  stage 
exit  total),  percent 

74.9 

74.0 

Pressure  Ratio  (inlet  total  to 
stage  exit  static) 

3.757 

4.119 

Efficiency  (inlet  total  to  stage 
exit  static),  percent 

73.0 

72.0 

Temperature  Rise  (AT/T) 

0.625 

0.688 

Stage  Exit  Mach  Number 

0.200 

0.215 

Axial  Running  Clearance  (inches) 

0.005 

0 . 0055 

Radial  Running  Clearance  (inches) 

0.007 

0.007 
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factor  calculated  at  all  test  data  points.  Note  the  substantially 
higher  values  then  would  be  expected  from  correlations.  Several 
possible  hypotheses  could  explain  the  higher  than  expected  slip 
factor.  One  explanation  is  that  compressor  discharge  air  was 
getting  past  a  carbon  seal  and  leaking  into  the  impeller  back 
cavity,  thus  inserting  previously  compressed  air  at  the  impeller 
exit.  An  alternate  explanation  is  that  low  momentum  fluid  at  the 
impeller  exit  was  recircr'  .ting  back  into  the  impeller,  thus  in¬ 
creasing  its  temperature  level. 

The  secondary  temperature  anomaly  was  also  of  concern.  From  the 
data  presented  in  Appendix  A  at  the  compressor  design  point,  it 
was  observed  that  a  temperature  spread  of  14.29°F  exists  on  the 
compressor  exit  thermocouples.  It  would  be  expected  that  they 
would  read  much  more  uniformly.  Possibly  the  close  proximity  of 
the  main  housing,  which  was  aluminum  and  therefore  conducted  heat 
readily  from  the  gearbox,  to  the  thermocouples  at  the  compressor 
exit  caused  the  temperature  spread.  The  close  proximity  of  the 
thermocouples  to  the  main  housing  was  caused  by  the  very  small 
passage  height  at  the  stage  exit.  Although  the  temperature 
problems  are  unexplained  at  this  time,  some  very  positive  results 
did  come  from  the  testing. 

Both  the  impeller  and  diffuser  performance  were  only  slightly 
short  of  their  performance  goal  at  the  design  point.  As  this  was 
the  first  rig  test  of  the  compressor,  the  results  are  very  encour¬ 
aging  and  portend  improved  compressor  performance  with  further 
compressor  development.  The  impeller  performance  was  synthesized 
from  measured  airflow,  measured  speed,  measured  stage  inlet  and 
exit  temperatures,  measured  impeller  exit  static  pressures,  and 
an  effective  area  at  the  impeller  exit.  Diffuser  static  pressure 
recovery  was  then  calculated  based  on  the  synthesized  impeller 
performance  and  the  measured  stage  exit  static  pressure.  Impeller 
performance,  which  is  presented  in  Figures  18  and  19.  The  impeller 
design  point  measured  static  pressure  distribution  along  the 
stationery  shroud,  shown  in  Figure  20,  compares  reasonably  well 
with  the  prediction.  Diffuser  recovery  also  compares  closely  to 
the  prediction. 

The  diffuser  static  pressure  recovery,  calculated  from  the  test 
data  at  the  compressor  design  point,  is  68.7  percent.  Figure  21 
presents  the  diffuser  static  pressure  recovery  for  all  valid  test 
data  points . 

Figure  22  presents  the  calculated  impeller  exit  absolute  flow 
angle  variation  with  corrected  airflow  and  speed  for  all  valid 
test  data  points.  It  is  an  output  of  the  impeller  calculation. 
Note  the  relatively  constant  value  of  swirl  angle  at  compressor 
choke  (minimum  value  of  angle  along  each  speed  line).  This, 
coupled  with  the  absence  of  a  sharp  compressor  temperature  rise 
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Figure  20.  Impeller  Shroud  Static  Pressure  Distribution  at  the 
Design  Point 
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Figure  22.  Impeller  Exit  Absolute  Swirl  Angle  versus  Corrected  Airflow 
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reduction  at  compressor  choke  from  Figure  16,  indicates  the 
diffuser  controlled  choke  at  corrected  speeds  above  80  percent  of 
design  corrected  speed.  However,  the  varying  swirl  angle  at 
surge  (maximum  value  of  angle  along  each  speedline)  indicates 
that  the  impeller  may  control  surge.  A  possible  explanation  for 
this  phenomena  is  that,  at  the  surge  value  of  impeller  incidence, 
the  relatively  thick  impeller  blades  form  a  shock  structure  that 
triggers  impeller  surge.  Further  testing  is  required  to  verify 
which  component,  the  impeller  or  diffuser,  controls  surge. 

3.2  CYCLE  ANALYSIS  RESULTS 

The  true  test  of  the  adequacy  of  the  tested  WR34  compressor 
performance  was  whether  it  properly  matched  with  the  remainder  of 
the  engine.  Therefore,  the  unaltered  WR34  test  data  was  input  to 
the  WR34  engine  computer  simulation.  The  engine  achieved  the 
desired  output  of  35  horsepower  with  a  turbine  inlet  temperature 
of  1868°F  and  a  specific  fuel  consumption  of  1.14.  In  addition, 
the  contract  requirement  of  27.7  horsepower  on  a  107°F  day  at  an 
altitude  of  5000  feet  was  also  satisfactorily  demonstrated. 
However,  it  should  be  noted  that  if  the  horsepower  requirement 
were  reduced  to  approximately  20.1  (approximately  15  KVA),  with 
the  same  temperature  and  altitude  conditions,  turbine  life  should 
increase  by  more  than  1,000  hours.  Although  higher  compressor 
efficiency  is  desirable,  the  tested  compressor  is  more  than 
adequate  to  operate  the  WR34  engine.  Table  V  presents  a  summary 
of  the  engine  cycle. 
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TABLE  V.  ENGINE  PERFORMANCE  CYCLE  WR34-8 


ENGINE 

ENGINE 

(WR34-8) 

(IN  R  34  8) 

TAMB  "  0,1 

59 

107 

PAMB  “  reiA 

14.696 

12.22 

HPour 

‘45.0 

27.7 

SFC  -  LB/(HPHR) 

1.097 

1.135 

TIT  -  °F 

1710 

1868 

N-RPM 

100000 

100000 

WN  -  LB/SEC 

0.650 

0.407 

INLET 

(AP/Pt)|NLET 

AtINIET 

0.01 

IQ 

0.010 

10 

W *16  -  LB/SEC 

0.555 

0.5157 

N  ue  -  RPM 

99050. 

94838. 

s 

o 

o 

PR 

AT 

3.921 

353.3 

3.631 

353.4 

V 

0.710 

0.717 

W"WlN 

0.2835 

0.2794 

<r 

Ui 

z 

<Ap/pt> 

0.030 

0.030 

oc 

ti» 

0.0196 

0.0217 

CO 

0.995 

0.995 

F.H.V.  -  BTU/LB 

18400 

18400 

<w/rT/PT),N 

0.4674 

0.4657 

cn 

ec 

PR 

3.72 

3.454 

3 

'frOTALSTATIC 

0.788 

0.79 

w*t>in 

2146 

2072 

_  _ 

EXH 

(AP/PTSTATIC  ■  AMI 

I.  0.01 

0.010 

CO 

BEARING  Ffll  HP 

1.05 

1.05 

O.  o 

-J 

’’GB 

%  LEAKAGE 

0.97 

1.00 

0.97 

1.0 

A-15504B 
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SECTION  4 
CONCLUSIONS 


The  WR34  compressor,  which  was  designed  to  withstand  army  ground 
power  engine  operating  environment,  has  shown  to  perform  adequately 
in  combination  with  the  other  existing  engine  components  based  on 
the  compressor  rig  test  data.  The  compressor  features  a  relatively 
thick  bladed  impeller  design  that  enables  it  to  be  reliably  cast 
using  state-of-the-art  techniques.  The  diffuser  uses  the  proven 
vane-island  design  machined  from  304  stainless  steel  which  is 
inexpensive  to  fabricate  and  resistant  to  erosion  effects  on  the 
diffuser  performance.  The  goal  of  this  compressor  and  diffuser 
design  choice  was  to  keep  the  WR34  engine  fabrication  inexpensive 
without  compromises  to  performance  and  engine  life. 

From  the  data  obtained  during  the  initial  rig  test  of  the  WR34 
compressor  it  is  apparent  that,  while  further  testing  could  result 
in  a  more  detailed  understanding  of  the  compressor,  the  existing 
results  are  more  than  aedquate  for  the  WR34  engine. 

Cycle  analysis  using  the  compressor  rig  test  data,  has  verified 
that  the  engine  can  meet  the  contract  specification  of  27.7  horse¬ 
power  on  a  107°F  day  at  an  altitude  of  5,000  feet.  As  previously 
noted  the  reduction  of  the  horsepower  to  20.1  will  add  over  1,000 
hours  to  the  life  of  the  turbine.  The  combined  rugged  design  and 
excellent  performance  demonstrated  during  compressor  rig  tests 
indicates  the  next  logical  step  would  be  the  operating  evaluation. 
Thus,  keeping  to  the  WR34  Performance  Improvement  Program  Schedule, 
Proposal  8125L . 
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SECTION  5 
RECOMMENDATIONS 


To  verify  that  the  tested  compressor  performance  is  consistent  with 
its  operation  in  the  engine,  and  to  ensure  that  the  engine  computer 
simulation  is  a  correct  representation  of  engine  performance,  it  is 
recommended  that  a  WR34  engine  be  thoroughly  instrumented  and 
tested.  Instrumentation  on  the  compressor  would  be  a  representative 
sample  of  what  was  used  during  rig  testing  to  allow  a  direct  compar¬ 
ison  between  engine  and  rig  performance.  This  testing  would  be 
conducted  using  existing  WR34  engine  testing  facilities  at  Williams 
Research.  Test  data  to  verify  the  predicted  performance  of  all  the 
engine  components  would  be  obtained  and  would  provide  insight  into 
any  possible  differences  between  test  rig  and  engine  compressor 
performance . 

Rig  and  engine  data  on  the  compressor  would  then  be  compared  to 
determine  if  any  change  to  the  compressor  is  needed  to  better 
satisfy  engine  operation.  At  this  point,  the  WR34  compressoi  could 
be  rig  tested  again  and  a  determination  of  why  it  was  10  percent 
high  on  temperature  rise  made.  This  would  be  done  by  running  the 
impeller  without  the  diffuser  being  present  (vaneless  space  only 
test)  to  establish  the  impeller  flow  range  and  temperature  rise. 
If  the  impeller  surges  where  the  stage  test  did  at  compressor 
design  speed,  a  flow  stability  problem  in  the  impeller  would  exist 
and  a  recontour  of  the  present  impeller  in  the  exit  region  (material 
off  the  impeller  shroud  side)  to  reduce  impeller  internal  velocity 
diffusion  would  be  conducted.  The  main  housing  would  then  be  metal 
sprayed  and  recountoured  to  match  the  impeller.  The  recontoured 
impeller  would  then  be  tested  in  the  vaneless  space  test  configura¬ 
tion.  Based  on  the  results  of  this  rig  testing,  further  modifica¬ 
tions  to  the  impeller  would  be  identified.  Assuming  that  the  impel¬ 
ler  operates  properly,  a  new  vaned  diffuser  design  and  fabrication 
would  be  undertaken  and  a  full  compressor  stage  rig  test  would  be 
conducted.  This  recommended  course  of  action  would  result  in  an 
effective  compressor  development  program. 

Based  on  the  results  of  the  engine  testing,  modifications  to  compo¬ 
nents  other  than  the  compressor  would  also  be  identified.  Improve¬ 
ments  could  then  confidently  be  made  to  the  WR34  engine. 
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